T was isolated from a frozen soil sample, which was collected from a glacier front in the Arctic. Chemotaxonomic and morphological characteristics were found to be typical of members of the genus Streptomyces. The strain formed a distinct phyletic line in the 16S rRNA gene tree and was closely related to Streptomyces olivochromogenes ATCC 3336 T (98.63 % similarity) and Streptomyces aureus B7319 T (98.56 %). Phylogenetic analysis based on the gyr B gene also showed clearly that strain ZLN234 T was different from all recognized Streptomyces species. The whole-cell sugars were galactose, glucose, ribose and rhamnose. The whole-cell-wall amino acids included alanine, glutamine, glycine and meso-diaminopimelic acid with a minor amount of LL-diaminopimelic acid. The characteristic polar lipids were identified as diphosphatidylglycerol, phosphatidylethanolamine, phosphatidylinositol, phosphatidylinositol mannosides and unknown phospholipids. The major menaquinones were MK-9(H 10 ), MK-9(H 8 ) and MK-9(H 4 ). The major cellular fatty acids comprised anteiso-C 15 : 0 , iso-C 16 : 0 and C 16 : 0 with a small amount of iso-C 16 : 1 v7ϲ and anteiso-C 14 : 0 .The DNA G+C content of strain ZLN234 T was 77.5 mol%. On the basis of these phenotypic, phylogenetic and chemotaxonomic characteristics, strain ZLN234
a glacier front in the Arctic. Chemotaxonomic and morphological characteristics were found to be typical of members of the genus Streptomyces. The strain formed a distinct phyletic line in the 16S rRNA gene tree and was closely related to Streptomyces olivochromogenes ATCC 3336 T (98.63 % similarity) and Streptomyces aureus B7319 T (98.56 %). Phylogenetic analysis based on the gyr B gene also showed clearly that strain ZLN234 T was different from all recognized Streptomyces species. The whole-cell sugars were galactose, glucose, ribose and rhamnose. The whole-cell-wall amino acids included alanine, glutamine, glycine and meso-diaminopimelic acid with a minor amount of LL-diaminopimelic acid. The characteristic polar lipids were identified as diphosphatidylglycerol, phosphatidylethanolamine, phosphatidylinositol, phosphatidylinositol mannosides and unknown phospholipids. The major menaquinones were MK-9(H 10 ), MK-9(H 8 ) and MK-9(H 4 ). The major cellular fatty acids comprised anteiso-C 15 : 0 , iso-C 16 : 0 and C 16 : 0 with a small amount of iso-C 16 : 1 v7ϲ and anteiso-C 14 : 0 .The DNA G+C content of strain ZLN234 T was 77.5 mol%. On the basis of these phenotypic, phylogenetic and chemotaxonomic characteristics, strain ZLN234 T (5CCTCC AA 2015005 T 5DSM 100713 T ) is the type strain of a novel species of the genus Streptomyces, for which the name Streptomyces arcticus sp. nov. is proposed.
Waksman & Henrici (1943) first described the genus Streptomyces which is the largest genus within the phylum 'Actinobacteria' (Kämpfer & Labeda, 2006; Lodders & Kämpfer, 2007) . At the time of writing, more than 600 validly named species (List of Prokaryotic Names with Standing in Nomenclature; http://www.bacterio.cict.fr/) have been described.
Members of the genus Streptomyces produce large amounts of bioactive compounds, such as antibiotics, enzymes, inhibitors and pharmacologically active agents (Goodfellow & Fiedler, 2010) . In recent years, the search for novel pharmaceutical agents against drug-resistant microbes from common Streptomyces species has become a more difficult and costly task, and more attention has focused on Streptomyces from unusual and unexplored environments, such as marine environments (Lan, 2006) and muddy saline alkaline soil (Li et al., 2005) . Environmental conditions in the Arctic have been considered as extremely cold, lacking liquid water and having high levels of UV radiation. So far, no novel species of the genus Streptomyces has been reported from the Arctic.
During our investigations on the diversity and bioactivity of actinomycetes in a frozen soil sample (Fig. S1 , available in the online Supplementary Material), which was collected from a glacier front of the Arctic, a novel actinomycete strain, designated ZLN234 T , was isolated. The present polyphasic taxonomic characterization indicates that this strain represents a novel species of the genus Streptomyces.
The frozen soil sample was collected from the foreland of a glacier in the High Arctic (788 539 370 N 128 099 500 E), and strain ZLN234
T was isolated on mineral agar 1 Gause medium (Bredholdt et al., 2007) ). After 14-21 days of aerobic incubation at 28 8C, it formed a grey colony. Aerial mycelia were abundant. The single colony was transferred, purified and maintained on yeast extract-malt extract [International Streptomyces Project 2 (ISP 2)] agar medium (Shirling & Gottlieb, 1966) . Abundant biomass of a pure culture grown on ISP 2 agar was collected for long-term preservation as mycelia and spore suspensions in glycerol (20 %, v/v) 
Isolate ZLN234
T and the reference strains were analysed for cultural and morphological features after growth on several established media at 28 8C for 2-3 weeks using the methods described by Shirling & Gottlieb (1966) . Strain ZLN234
T was cultured on oatmeal agar (ISP 3) medium at 28 8C for 15 days, and the morphological characteristics were observed by scanning electron microscopy (TM3000; Hitachi). The utilization of amino acids (0.5 %, w/v, final concentration) as nitrogen source was tested as described by Williams et al. (1983) . Carbon source utilization was tested on ISP 9 medium supplemented with 1 % (w/v) carbon source (final concentration) (Shirling & Gottlieb, 1966) . The procedures of Williams et al. (1983) and Kämp-fer et al. (1991) were used to detect other biochemical and physiological characteristics, including hydrolysis of aesculin, and production of catalase and H 2 S.
Biomass for chemical systematic studies was harvested and washed after incubation at 28 8C for 3-5 days in shaken flasks (220 r.p.m.) with ISP 2 broth. Whole-cell sugars and amino acids were analysed by TLC as described by Lechevalier & Lechevalier (1980) . Phospholipids were analysed by two-dimensional TLC using the well-established method described by Minnikin et al. (1984) . Phospholipids were detected with phosphomolybdic acid and molybdenum blue spray reagents. Menaquinones were determined following the procedure of Minnikin et al. (1984) and analysed by HPLC (Wang et al., 2011) . Cellular fatty acids were extracted according to the method of Sasser (1990) and the composition was determined by GC-MS performed on a GC instrument (7890A; Agilent) coupled with a mass selective detector (MS-5975C; Agilent) and an auto-sampler injector (7693-A; Agilent) based on the method of Li et al. (2013) .
Genomic DNA for PCR was obtained from biomass cultured in ISP 2 broth medium using a Fast Pre-24 instrument (MP Biomedicals). PCR amplification of the 16S rRNA gene was carried out as described by Nakajima et al. (1999) . Sequencing of the cloned PCR product was done by TsingKe (Beijing, China). The almost-complete 16S rRNA gene sequence of strain ZLN234
T was analysed against the GenBank database and the EzTaxon Cloud server (http://www.Eztaxon.org; Kim et al., 2012) to calculate levels of similarity. First, we reconstructed a large phylogenetic tree using the 16S rRNA gene sequences of strain ZLN234
T and the type strains of all recognized Streptomyces species (n5608). In this way, we identified the seven strains most closely related to strain ZLN234 T according to the tree. We then reconstructed another phylogenetic tree using the 16S rRNA gene sequences of these seven strains and 21 other 16S rRNA gene sequences selected according to EzTaxon with the highest similarity to strain ZLN234
T . The initial alignment was performed using CLUSTAL X software (Thompson et al., 1997) . Phylogenetic trees were reconstructed using the neighbour-joining (Saitou & Nei, 1987) , maximum-likelihood (Felsenstein, 1981) and maximum-parsimony (Fitch, 1971 ) algorithms via MEGA 5.0 software (Tamura et al., 2011) with 1436 bp nucleotides of strain ZLN234
T . Kitasatospora arboriphila HKI 0189 T (GenBank accession number NR042904) (Groth et al., 2004) was used as the outgroup. PCR amplification of the gyr B gene was carried out using primers GYF1 and GYRB3 (Garcia et al., 2010) and the PCR programme as detailed for the 16S rRNA gene. Sequencing and phylogenetic analysis were performed as described above.
Genomic DNA was obtained by the method of Pospiech & Neumann (1995) . The DNA G+C content of strain ZLN234 T was determined by HPLC (Qu & Hong, 2009 ) using standard bases as a control.
Assays of the susceptibility of strain ZLN234
T to a wide range of antibiotics were carried out using diffusion in solid agar medium of erythromycin (15 mg), chloromycetin (30 mg), tetracycline (30 mg), gentamicin (10 mg), ampicillin (10 mg), rifampicin (5 mg), streptomycin (10 mg) and kanamycin (30 mg) according to the paper disc method (Bonev et al., 2008) . Diffusion distances were determined as half the inhibition zone diameter minus that of the disc.
The almost-complete 16S rRNA gene sequence of strain ZLN234
T comprised 1489 nt. It showed highest similarity to S. olivochromogenes ATCC 3336 T (98.63 %) and S. aureus B7319 T (98.56 %), in analysis in the EzTaxon server (Chun et al., 2007) , and these were selected as reference strains.
The phylogenetic tree of the 16S rRNA gene sequence of strain ZLN234
T and 27 other 16S rRNA gene sequences based on the neighbour-joining, maximum-parsimony and maximum-likelihood algorithms indicated that strain ZLN234 T belonged to the genus Streptomyces. It formed a distinct clade that was different from other closely related species of the genus Streptomyces (Fig. 1) . The closest related species were S. olivochromogenes ATCC 3336 T and S. aureus B7319 T . Strain ZLN234 T differed from S. olivochromogenes ATCC 3336
T and S. aureus B7319 T in 23 and 28 bases, respectively, over 1436 nt, as determined using the BioEdit Sequence Alignment Editor after deletion of the unaligned part of the head or tail in multiple alignments with CLUSTALW to keep them the same length. Levels of bootstrap support for this clade were ,50 %. In addition, partial sequences of the gyr B (Fig. S2 ) gene were obtained (446 nt). The gyr B gene phylogeny clearly showed that strain ZLN234 T should be assigned to the genus Streptomyces but was different from all established Streptomyces species. This result suggested strain ZLN234
T should be assigned to the genus Streptomyces.
Strain ZLN234
T grew well on ATCC 172 agar, Czapek's agar (Wiese et al., 2008) , ISP 1-4 (Shirling & Gottlieb, 1966) , ISP 6 (Shirling & Gottlieb, 1966) , M8 agar (Castiglione et al., 2008) , modified Bennett's agar (Jones, 1949) and nutrient agar plates (Waksman, 1967) (Table S1 ). It produced a brown pigment on all media tested. Spore chains were rectiflexibiles in nature, the spore (0.3-0.561.5-2.2 mm) surfaces were smooth and the spores were non-motile (Fig. 2) . It differed from the two reference strains in many characteristics. For example, the spore chain morphology of strain ZLN234
T was rectiflexibiles, while the two reference strains were spirals. Strain ZLN234
T was positive for production of H 2 S, in contrast to the two reference strains. Other differential characteristics were observed as detailed in Table 1 .
The whole-cell sugars of strain ZLN234
T were galactose, glucose, ribose and rhamnose. The whole-cell-wall amino acids included alanine, glutamine, glycine and meso-diaminopimelic acid with a minor amount of LL-diaminopimelic acid (Fig. S3) . The characteristic polar lipids were identified as diphosphatidylglycerol, phosphatidylethanolamine, phosphatidylinositol, phosphatidylinositol mannosides and three unknown phospholipids ( Figs S4 and S5) . The polar lipid pattern of strain ZLN234
T was type PII, in agreement with the polar lipid type reported for the genus Streptomyces (Lechevalier & Lechevalier, 1980) . The major menaquinones were MK-9(H 10 ), MK-9(H 8 ) and MK-9(H 4 ); the reference species contained MK-9(H 8 ) and 
Streptomyces arcticus ZLN234 T (KR013752)

Streptomyces aureus B7319 T (AY094368)
Streptomyces kanamyceticus NBRC 13414 T (AB184388)
Streptomyces phaeochromogenes NRRL B-3010 T (EU594472)
Streptomyces ederensis NRRL B-8146 T (AY999824)
Streptomyces fulvissimus NBRC 13482 T (AB184787)
Streptomyces mirabilis NBRC 13450 T (AB184412)
Streptomyces kaempferi I37 T (HE591382)
Streptomyces decoyicus NRRL 2666 T (EU170127)
Streptomyces reticuliscabiei analysed. Kitasatospora arboriphila HKI 0189 T (NR042904) was used as the outgroup. *Branches that were also found using the maximum-parsimony method (Fitch, 1971 ); * + branches that were found using all three methods. Numbers at nodes are percentage bootstrap values based on 1000 replicates. Bar, 0.002 substitutions per nucleotide position.
MK-9(H 10 ) as major menaquinones. The quinone system also supported the affiliation of strain ZLN234
T to the genus Streptomyces (Collins et al., 1977; Minnikin et al., 1984) . Its major cellular fatty acids comprised C 16 : 0 , anteiso-C 15 : 0 and iso-C 16 : 0 with a small amount of iso-C 16 : 1 v7c and anteiso-C 14 : 0 . C 15 : 0 and iso-C 16 : 0 were the major fatty acids of S. olivochromogenes ATCC 3336 T and S. aureus B7319 T , respectively (Table S2) . However, anteiso-C 15 : 0 was the major fatty acid of strain ZLN234 T ; anteiso-C 15 : 0 coupled with other fatty acids are suggested to play a critical role in providing an appropriate degree of membrane fluidity for growth at low temperature in the Arctic (Annous et al., 1997) .
The DNA G+C content of strain ZLN234 T was 77.5 mol%, which was within the range of 69-78 mol% reported for members of the genus Streptomyces (KornWendisch & Kutzner, 1992).
The identification of novel Streptomyces species requires a polyphasic taxonomic approach, including identification of molecular, biochemical and phenotypic traits. Shirling & Gottlieb (1968a , b, 1969 , 1972 described the standard criteria for identification of Streptomyces species, including the use of spore chain morphology, spore surface ornamentation, colour of spores, substrate mycelium and soluble pigments, production of melanin pigment and the utilization of a range of carbon sources. At the same time, physiological and biochemical characteristics and chemotaxonomic traits (Lechevalier & Lechevalier, 1970) can provide reliable information, in combination with other data in identifying different species. Among the genotypic criteria, DNA-DNA hybridization (DDH), DNA G+C (Wayne et al., 1987) . However, DDH suffers from various limitations, notably that: (i) determining DDH requires special facilities that are available in a limited number of laboratories, and (ii) it is a labour-intensive and expensive method that lacks reproducibility and cannot be used to establish a comparative reference database incrementally (Tindall et al., 2010) .
Therefore, DDH appears to be outdated and needs to be replaced by easier and more reliable methods. According to Meier-Kolthoff et al. (2013) , for actinomycetes, the levels of 16S rRNA gene sequence similarity between different species could be up to 98.8 %, and if omitting the DDH experiment, at most one in 200 cases will produce an error.
Isolates that exhibit 16S rRNA gene sequence similarity equal to or lower than 98.7 % as recommended by Stackebrandt & Ebers (2006) with their closest phylogenetic neighbour are considered to represent putative novel species (Ramasamy et al., 2014) . Because the 16S rRNA gene sequence similarity between strain ZLN234 T and S. olivochromogenes ATCC 3336 T and S. aureus B7319 T was 98.63 and 98.56 %, respectively, we omitted the DDH experiment in this study.
Strain ZLN234
T was susceptible to erythromycin (15 mg), tetracycline (30 mg), gentamicin (10 mg), ampicillin (10 mg), rifampicin (5 mg), streptomycin (10 mg) and kanamycin (30 mg), but not to chloromycetin (30 mg).
Based on the genotypic and phenotypic data presented above, it is evident that strain ZLN234
T is different from previously described Streptomyces species. Therefore, strain ZLN234
T is considered to represent a novel species of the genus Streptomyces, for which the name Streptomyces arcticus sp. nov. is proposed.
Description of Streptomyces arcticus sp. nov.
Streptomyces arcticus (arc9ti.cus. L. masc. adj. arcticus from the Arctic).
Aerobic, Gram-stain-positive actinomycete that forms an extensively branched substrate mycelium that bears a grey aerial spore mass on oatmeal (ISP 3) agar medium after cultivation for 2-3 weeks at 28 uC. Aerial hyphae differentiate into smooth-surfaced spores (0.3-0.5|1.5-2.2 mm) that are carried in rectiflexibiles chains. Produces a brown pigment on all media tested. Growth occurs at 4-40 uC (optimum, 28 uC), at pH 5-11 (optimum, pH 7) and with 0-3 % (w/v) NaCl [optimum, 0 % (w/v) NaCl]. Positive for catalase production, hydrolysis of aesculin, gelatin liquefaction, H 2 S production, melanin production on both ISP 6 and ISP 7 media, and starch hydrolysis. Negative in tests for CM-cellulose degradation, milk peptonization and nitrate reduction. Grows well on ISP 9 agar medium to which the following sole carbon sources The whole-cell-wall amino acids are alanine, glutamine, glycine and meso-diaminopimelic acid with a minor amount of LL-diaminopimelic acid. The whole-cell sugars are galactose, glucose, ribose and rhamnose. The major cellular fatty acids include anteiso-C 15 : 0 , iso-C 16 : 0 and C 16 : 0 . The characteristic polar lipids comprise diphosphatidylglycerol, phosphatidylethanolamine, phosphatidylinositol, phosphatidylinositol mannosides and unknown phospholipids. The major menaquinones are MK-9(H 10 ) and MK-9(H 8 ), with a small amount of MK-9(H 4 ).
The type strain, ZLN234
T (5CCTCC AA 2015005 T 5DSM 100713 T ), was isolated from a frozen soil sample of a glacier front in the Arctic. The DNA G+C content of the type strain is 77.5 mol%.
